signalling patterns of ions and biomolecules. Applications and processes in which chemical circuits may be applicable include drug delivery 5 (time scale of interest ranging from minutes to days) neuromudulation 6 (seconds to hours), controlled polymerization 7 (minutes to hours), intracellular calcium oscillations 8 (microseconds to days) and plant development 9 (minutes to days).
Ion transistors can be divided into two subgroups based on their principle of operation: field effect transistors (FETs) and bipolar junction transistors (BJTs) 10 . Nanofluidic transistors 1 are the major type of field effect ion transistors currently investigated, although other promising devices such as polysaccharide FETs 3 also are under development. In nanofluidic transistors the conductivity within the ion transistor is modulated by field-induced surface charges along a narrow channel configuration. Unfortunately, the performance of these devices deteriorates with increasing salt concentration due to screening of the surface charges 11 (Debye screening length is ~1 nm at 100 mM salt concentration). Few publications have been reporting ion transistors based on the BJT principle. Nanofluidic bipolar transistors have been proposed 12 and fixed pnp-junctions was implemented in a polymer pore 13 , however both of these devices still operates in the field-effect mode compared to BJTs in which the conduction occurs throughout the bulk of the conductor. To overcome the limitations of surface charge modulation we have previously developed another type of ion transistor, the ion bipolar junction transistor 4, 14 (IBJT), which is based on thin layers of ion selective membranes 15 and conductive polymers [16] [17] . IBJTs shows overall good transistor characteristics, in terms of for instance a high ion current on-off and gain, and have successfully been utilized to modulate the delivery of neurotransmitter to regulate signalling of neuronal cells 4 .
In order to further develop applications based on IBJTs, individual transistors have to be integrated into circuits. A first natural step is to implement some of the basic logic functions, from which arbitrary logical expressions can be constructed. Previously, the AND gate has been implemented with ion diodes [18] [19] , however there are several limitations associated with diode logics, including lack of gain and inability to achieve inversion, i.e. NAND and NOT gates. Logics based on transistors do not posses these limitations, but up till now only theoretical predictions have been presented 20 . 
Results
Ion Bipolar Junction Transistors. IBJTs are built up from patterned films that are either cation or anion selective, corresponding to the p-and n-doped semiconductors, respectively, used in conventional electronics 22 . The selectivity of these ion conducting materials is a consequence of fixed ionic groups which are anchored to the polymer backbone of the material 15 . In a cation selective material, such as an anionic polyelectrolyte, the anionic groups are fixed while the compensating cations are mobile. Mobile anions are repelled from entering the material by the high concentration of fixed anions (Donnan exclusion). An IBJT is formed by ionically connecting two channels of one type (labelled emitter (E) and collector (C)) with a channel of the other type (labelled base (B)) through a neutral polymer electrolyte (Fig. 1) . Two types of transistors can then be constructed, the npn-IBJT 14 ( Fig. 1a) which conducts anions from the emitter to the collector and the pnp-IBJT 4 ( Fig. 1b) (Fig. 2a) . The Ag/AgCl paste partly covers the PEDOT:PSS and reduces the potential drop over the electrode from ~600 mV for a pure PEDOT:PSS electrode 14 to less than 25 mV (Fig. 2b) . In the npn-IBJT anions diffuse through the polymer electrolyte junction (J) from the emitter to the collector. The rate of diffusion through the junction depends on the salt concentration within the junction, which is modulated by the base terminal. If cations are injected from the base, the salt concentration within the junction increases and the transistor junction is conductive. If the junction is depleted of cations by the base it becomes nonconductive and only few anions can diffuse across it. The E, C and B channels exhibit ion resistances typically in the MΩ range which must be taken into account when designing circuits. Therefore the sheet resistance of 50 and 200 µm wide n-and p-channels was measured (Fig. 2c) . The desired resistance of each channel can then be obtained by choosing the length and width of the channel properly. measurements on cation and anion selective channels (Fig. 2c) . For a high input the transistor has low impedance and most of the electric potential drop occurs over the top 20 MΩ ion resistor, thereby giving a low output signal. For a low input the npn-IBJT is in its high impedance state and most of the potential drop occurs over it, thus the output is high. Since the impedance across the emitter-base junction is low in forward bias the base resistance must be high. Unfortunately, the npn-IBJT requires a slightly negative base potential in order to be in its nonconductive state. This can be achieved by the addition of a pull down voltage (V L ) connected in parallel with the input terminal (Fig. 3a) . For V L = -5 V the base voltage is altered In comparison, the swing is better for the complementary inverter than for the npn inverter, as expected. Also, the gain, which is defined as the absolute value of slope, is significantly higher for the complementary inverter. The gain must be above 1 in order to enable construction of functional logic circuits and a higher gain is typically advantageous for a circuit's performance. For the npn type inverter the supply current (I CC ) is low for low input signals as the transistor is in its nonconductive state while I CC becomes higher for high input as the transistor is conductive in this state. For the complementary design the ion current is low towards both the end states since one transistor is always nonconductive in these states, i.e. at high or low V A values. The supply current reaches its maximum value during the switch when both transistors have relatively lower impedance. Figure 3d and 3e show the switching transients for the npn and complementary inverters, respectively. The switching speed is slightly faster for the npn inverter while the swing is better for the complementary inverter. The inverters can be repeatedly switched in between the two states without any major change in output voltage levels. The delay time can be attributed to the migration of ions in and out from the neutral junction. It takes longer time to deplete the junction compared to injecting enough ions to make it conductive, thus it takes longer to switch the npn inverter output signal from low to high than in the reverse direction. Fig. 4a and 4b, respectively. The difference between the two designs is that the high resistor in the npn type design (Fig. 4d) . For this gate the high and low output levels are 7.5 V and 3.5 V, respectively. Here, the upper level is relatively good while the lower level is unfortunately rather high. This might be attributed to sub-optimal function of the pnp-IBJTs as the leakage current becomes worse when they are connected in parallel. One concern with the present ion logic circuits, however, is the rather low switching speed. The time required to fully switch the inverters is in the order of 100 s and it depends primarily on the amount of Electrical characterization. The devices were soaked in deionised water for at least 24 h prior to use.
NAND gates. The designs of npn-IBJT type NAND and complementary NAND gates are shown in
Aqueous 0.1 M NaCl solution was used as electrolyte and presented data was obtained after stable operation had been reached (typically after 5 switches). Electrical measurements were recorded with one Keithley 2602A and two Keithley 2400 source meters controlled via LabVIEW (sample rate 1 Hz). In addition, two simple power supplies were used for the pull up/down voltages. Adjacent-averaging was used on characterization data to reduce noise.
